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Abstract

Predetermination of sex in livestock offspring is in great demand and is of critical importance
to providing for the most efficient production of the world’s food supply. With the changes that
have taken place in animal agriculture over the past generation the application of sex preselection
to production systems becomes increasingly necessary. The current technology is based on the
well-known difference in X- and Y-sperm in the amount of DNA present. The method has been
validated on the basis of live births, laboratory reanalysis of sorted sperm for DNA content and
embryo biopsy for sex determination. The technology incorporates modified flow cytometric
sorting instrumentation to sort X- and Y-bearing sperm. Resulting populations of X or Y sperm
can be used in conjunction with IVF in swine and in cattle for the production of sexed embryos to
be transferred to eligible recipients for the duration of gestation. It can also be used for intratubal
insemination and for deep-uterine and conventional insemination in cattle. This semipractical

Žsexing method, though currently impractical for some production systems where large numbers of
.sperm are required for fertilization could be used to provide a more flexible progeny-producing

option in many livestock operations. Improvements in the production rate of sexed sperm continue
as new technology is developed. High-speed sorting is one of the newer technological advances
and is being used in our laboratory to increase sorted sperm throughput. With our original
technology we sorted 350,000 spermrh. We now sort 6 million of each sex, under routine
conditions. Sorting only the X population results in about 18 million spermrh. Improvements in
the technology will no doubt lead to much greater usage of sexed sperm, depending on the species
involved. Insemination of lower sperm numbers in cattle has proven to be an effective means of
utilizing the sexing technology. Solving the problems associated with inseminating low sperm
numbers in the pig would be advantageous to the utilization of sexed sperm for some type of deep
artificial insemination. Such a development would also enhance the economy of using lower

Ž .sperm numbers with conventional artificial insemination AI and aid the swine industry world-
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wide. The use of sexed sperm for non-ordinary applications such as endangered species,
laboratory animals, hobby or pet species is also of interest and will become a part of the move to
be more reproductively efficient in the next millennium. Sexed sperm on demand over the next
several years will provide livestock producers with many options in seeking to improve efficiency
of production and improve quality of products to enhance consumer acceptability. q 2000
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Management schemes for livestock production can benefit from sex preselection
because of the ability to plan matings for a specific sex. Making the sex determination
prior to conception is the most cost-effective means of achieving the desired result. The
only accurate and potentially cost effective approach for achieving sex preselection at
the present time involves separating the X- from the Y-chromosome-bearing sperm

Ž . Ž .followed by its use for artificial insemination AI or for in vitro fertilization IVF with
Ž .subsequent embryo transfer ET . Production of embryos followed by sexing in the

laboratory is practiced to a limited extent, the inefficiency associated with discarding the
embryos of unwanted sex limits its usefulness, unless a market has been established for
both male and female embryos. In addition to more rapid genetic progress from the use
of sexed sperm or embryos there are additional advantages of management and facility
flexibility. One particular area of swine production that would benefit from sex
preselection is the production of male and female hybrid lines of swine. Numerous other
examples for specialized use of sex preselection also exist. As with the utilization of

Ž .most assisted reproductive practices IVF–ET , sexed sperm for production of livestock
of preselected sex is dependent on efficiency, economics, effectiveness, and ease of use.
Widespread use of sexed sperm will increase as each of these factors is considered and
the technology is developed to such an extent as to become available on demand. At the
present time economics and ease of use remain goals to be attained. Published results
clearly prove the effectiveness and efficiency of the current sexing process in a broad

Žrange of applications Johnson and Welch, 1999; Johnson et al., 1999; Seidel et al.,
.1999 .

Since our first report utilizing DNA as a marker for separating viable intact X- from
Ž .Y-chromosome-bearing sperm Johnson et al., 1989 in which more than 50 rabbits were

born of the predicted sex, more than 1500 offspring have been born in animals and
Ž .humans using this method Johnson and Seidel, 1999 . The following references

describe the applications of the flow cytometric sperm sorting as developed in our
Žlaboratory Johnson, 1991; Cran et al., 1993, 1995, 1997; Rath et al., 1997, 1999; Seidel

.et al., 1997, 1999; Catt et al., 1996; Fugger et al., 1998 . In the past couple of years
several field trials have been conducted using more than 1000 heifers. These trials have
again proven the efficacy of the technology under AI conditions in practical surround-
ings. The results from these trials clearly establish the method as one that can be used in

Ž .practical cattle applications Seidel et al., 1999 . This paper will summarize the current
state-of-the-art in sex preselection using flow cytometric sperm sorting for sorting X
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from Y sperm based on DNA difference. At the present time there is no other method
that has been repeatably proven to be effective in producing offspring of the predicted
sex so the reader may want to consult other sources for reviews of various methods that

Žhave been attempted in seeking to sex sperm Kiddy and Hafs, 1971; Amann and Seidel,
.1982; Johnson, 1994, 1995 .

2. Analysis for sperm DNA content the basis for XrrrrrY sperm separation

Ž .It was shown early in the 20th century Guyer, 1910 that sex chromosomes were
unique in the overall chromosome complement. In the 1950s it was determined that

Ž .DNA was a critical component of the sex chromosomes. Morruzi 1979 was the first to
suggest that DNA might be used as a differentiating factor of sex chromosomes and that
it might provide the basis for separating X- and Y-chromosome-bearing sperm. The fact
that the X chromosome of most mammals carries more DNA than the Y chromosome

Ž .was clearly established from those studies Morruzi, 1979 . The Y chromosome is
smaller and carries less DNA than the larger X chromosome, while the autosomes
carried by X- or Y-bearing sperm are identical in DNA content. Taking advantage of
this real difference for purposes of X- and Y-bearing sperm separation has only been
possible since the advent of flow cytometry. The first attempts to differentiate X- and Y-

Ž .sperm using DNA and flow cytometric analysis did not succeed Gledhill et al., 1976 .
However, with the combination of improved staining methods and a realization that
aspherical cells such as sperm must be orientated to the excitation source the relative

Ž .DNA difference could be measured Pinkel et al., 1982 . These factors formed the basis
Žfor routine sperm DNA analysis using modified commercial instrumentation Johnson

.and Pinkel, 1986 and the demonstration that sperm sex ratio could be validated by
Ž .analytical methods Johnson, 1988; Johnson et al., 1987a; Welch and Johnson, 1999 .

Sorting sperm into separate and nearly pure X and Y populations based on the DNA
difference was accomplished with the modified flow cytometryrcell sorter instrumenta-

Ž .tion Johnson and Clarke, 1988; Johnson et al., 1987b . However, these reports had a
key factor in common with the analysis of sperm DNA mentioned in the previous
section, the sperm were dead because they had been sonicated to remove the tails
Ž .versus intact motile sperm . As a prelude to the ability to sort living sperm, the sperm

Žnuclei were sorted and used for injection into the cytoplasm of the hamster egg Johnson
.and Clarke, 1988 . This study proved the viability of the DNA of the sorted sperm head

for fertilization even though the sperm under standard conditions could not fertilize on
its own.

3. Sorting sperm: modifications required in order to sort X- and Y-chromosome-
bearing sperm

Improved cellular staining and the utilization of vital fluorochromes to label the DNA
of living sperm led to the sorting of X- and Y-chromosome-bearing sperm for the

Ž .production of offspring of predetermined sex Johnson et al., 1987a, 1989 . Unlike
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analysis of sperm for DNA difference indicated above, the sorting of sperm into separate
populations of X- and Y-bearing sperm based on DNA requires a flow cytometerrcell
sorter with a modified configuration. The cell sorter which incorporates the analytical
flow cytometer must be modified in commercial cell sorters in order to properly measure

Ž .DNA difference in X- and Y-bearing sperm Johnson and Pinkel, 1986 . Although
fluorochromes designed to bind to DNA generally give off a bright signal, the 5-W
water-cooled argon laser remains the laser of choice for most DNA fluorochromes. Cell
sorters fall into two categories at the present time. The older class of sorters could be
termed ‘standard-speed’ systems, where the samples are sorted under 0.84 kgrcm2 of

Ž .pressure and one can sort about 350,000 spermrh Johnson et al., 1989 . The newer
generation sorters are the ‘high-speed’ cell sorters that have come on the commercial
market over the past 4 years and operate at sample pressures that range from 0.84
kgrcm2 to 4.22 kgrcm2. This sorting system modified for sperm can produce 6 million
X sperm and 6 million Y sperm per hour at the present time. Even greater output can be

Ž . Žachieved by sorting only X sperm 85% to 90% purity at about 11 millionrh Johnson
.and Welch, 1999 . The overall limits of this high speed system for sorting sperm has not

been tested to the fullest extent yet, so it is likely that these values will move higher in
the near future.

Fig. 1 illustrates a flow cytometerrcell sorter system configuration that has been
modified specifically for sperm. Cell sorters normally are configured with a fluorescence

Ž .detector perpendicular to the laser beam 908 . The modification consists of a forward
fluorescence detector in place of the light scatter detector that is standard to orthogonal
configured flow systems. This is necessary in order to collect the fluorescent light from

Ž . Ž .both the edge of the sperm 908 as well as from the flat side 08 of the sperm. Through
electronic gating based on collecting edge fluorescence the variability associated with
differential fluorescence is removed and the two populations are resolved. Resolving X-
and Y-bearing sperm based on DNA content using flow cytometric sorting is difficult
when compared to other cell types. The inordinate compactness of chromatin in the
morphologically flat, paddle or ovoid shaped sperm head that is characteristic for
domestic animals, causes a high index of refraction. The difference in refractive index
between the sperm head and the surrounding medium, coupled with the flat shape of the

Žsperm head, results in preferential emission of light in the plane of the cell from the
.edge of the sperm head . Because of these properties, the orientation of the sperm head

with respect to the excitation laser beam and the optical detectors is critical for
resolution. It is also essential for reanalyzing sorted sperm for DNA to determine the

Žproportions of X or Y sperm in a given sorted sample Johnson et al., 1987b; Welch and
.Johnson, 1999 . The second part of the modification was initially designed around a

beveled needle which produced a flat sample stream which allowed the sperm head to
Žtake up the plane of the stream and be oriented to the laser beam Johnson and Pinkel,

.1986 . This was effective but inefficient only orienting 25% of the sperm. However, all
Ž .of our early development work was done on this system Johnson, 1994, 1995 .

Ž .An improved orienting system nozzle was first fitted to the standard speed sorter.
This improvement in orientation on the modified cell sorter through replacement of the

Ž .beveled needle system with an orienting nozzle was reported by Rens et al. 1998 . This
has increased the percentage of sperm oriented from 25% to 70%. This enhancement has
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ŽFig. 1. A schematic diagram of the flow cytometerrcell sorter modified for sorting sperm Johnson and Pinkel,
.1986 . Represents the current technology in high-speed sorting for resolution of X- from Y-chromosome-bearing

Ž .sperm based on their difference in DNA content according to Johnson et al. 1989, 1999 . Sperm enter through
Ž .a needle labeled )sample inputs and are passed into the flow cell a . This needle formerly was beveled at

the exit point to create a flat stream so as to control the orientation of the sperm to the laser beam. The current
Ž .high-speed sorting systems utilize a cylindrical needle and an orienting nozzle Ren et al., 1998 that more

efficiently orients the sperm to the laser beam. Orientation occurs when the opposing flatter surfaces of the
Ž .sperm head simultaneously face the laser and 08 forward detector, with the edge directed to the 908C. b

Depicts the fluorescence distribution from the 908 detector. Note the population within the vertical gated area,
Ž . Ž .those are the portion of the sperm that are properly oriented 70% to the laser beam. Histogram c illustrates

Ž .the separation of the X and Y populations from the oriented population of histogram in b . The partially
resolved bimodal peaks have a sort window represented by vertical lines on the peaks. The area between the

Ž .two sort windows is sperm that are mixed X and Y in varying percentages and so they are discarded through
Ž .the waste. Sperm containing the smaller Y chromosome and thus less total DNA comprise the dimmer left

Žpopulation and similarly the larger X-chromosome-bearing sperm comprise the brighter population increasing
. Ž .fluorescence . a Represents the overall sorting process, depicting the electrostatic field through which the

charged droplets containing X or Y sperm must fall and be deflected to the waiting tubes.
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improved overall efficiency of the sorting system by two- to threefold. The modified
flow cytometer and cell sorter is essential for attaining separate populations of X- and

Ž .Y-chromosome-bearing viable Johnson et al., 1989 sperm on a repeatable basis.
Differentiation of the amount of DNA present in the X- and Y-chromosome-bearing
sperm for sorting can be done on virtually all commercial cell sorters that have been
manufactured in the past 25 years if they have the basic modifications for sperm
Ž .Johnson and Pinkel, 1986 .

4. High-speed viable sperm sorting

High-speed technology has the capability to increase sorting speed by 10 times over
previous standard speed sorters. The MoFlow high-speed cell sorter produced by

Ž .Cytomation, Ft. Collins, CO was introduced in 1996. This system has the capability of
sorting cells at much faster rates and at much higher pressures and is appropriately
classed as a ‘high-speed cell sorter’. Instead of the standard rate of 5000–10,000
eventsrs it has the capability of 50,000 eventsrs. The MoFlow , as is the case with

Žstandard speed cell sorters, still must be modified to make it a sperm sorter Johnson and
.Pinkel, 1986 in order to resolve the small differences in DNA content in X- and

Y-bearing sperm. This high-speed system is what is currently in use in my laboratory for
Ž .sorting viable sperm Johnson et al., 1999 ; the principle of sorter operation remains the

same. However, it lends itself to greater ease of use and the obvious faster sorting rate. It
is equipped with the standard modifications in addition to the orienting nozzle. This
high-speed sperm sorting system with orienting nozzle is capable of processing more
than 40,000 eventsrs.

5. Sorting of viable sperm for production of sexed offspring

5.1. Preparation of the intact sperm sample for flow sorting

The most critical aspect of preparing sperm for use in sperm sexing is that the less
insult imposed on the sperm, the greater the likelihood that the ultimate population of

Žsorted sperm will keep and maintain their fertilizing capacity Johnson and Welch, 1999;
.Johnson et al., 1989 . Examples of insults imposed are: adding stain to the sperm,

rewarming the sperm by incubation of the stained sperm, subjecting the sperm to
pressure changes in the sorting system and centrifugation of sorted sperm. Using high
speed sorting, one prepares an aliquot of 1 ml containing about 150 million sperm or 10
times the amount with the standard-speed sorter. Proportionally the same amount of

Ž .Hoechst 33342 bisbenzimide; Calbiochem-Behring, La Jolla, CA is added at the rate of
Ž .8 mlrml 5 mgrml stock . The suspension is then incubated at 358C for approximately

1 h. The incubation assists the penetration of the stain through the membrane. Uniform
stain penetration is essential to minimize stain variation and helps to reduce the CV of
the sperm separation. The result of proper processing is improved efficiency of sorting.
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5.2. Collection of separate populations of X- and Y-bearing sperm

The need for maintaining viability of the sperm is critical right up through the
collection of the sorted sperm. An environment that will minimize the dilution that
accompanies cell sorting is essential. The concentration of the stained sperm to be sorted

Ž . Žare lower 150 millionrml compared to the original ejaculates ;300 millionrml for
.swine; ;one billionrml for cattle . Once the fluorescently stained sperm pass into the

Ž .flow cell, the stream is surrounded by a sheath fluid of phosphate buffered saline PBS
Ž .containing 0.1% bovine serum albumin BSA which contributes to an increasing

dilution effect. The BSA helps to minimize agglutination of the sperm. Minimizing
dilution is accomplished by sorting sperm into a tube containing an egg yolk extender at

Ž .the outset. The TEST-yolk 20% has been the very successful for this purpose
Ž .Johnson, 1991; Johnson et al., 1989 . The procedure currently utilizes 50 ml of
TEST-yolk per 0.5-ml tube size in standard sorters. For high-speed sorters the amounts
are increased proportionally, that is, a 15-ml tube should contain 500 ml of TEST-yolk,
which provides a concentrated medium for sperm to migrate to. The fluid volume in the
tube increases as sorting progresses. The sperm are falling or being projected into the
tube and the motile sperm continue their downward movement into the TEST-yolk
extender at the bottom of the tube and remain there in a concentrated environment. Once

Ž .sorting is terminated, sperm are centrifuged 350–750=g depending on tube size for
10 min to concentrate for insemination in vivo or in vitro depending on the species. All
sorting takes place at room temperature.

The use of the sort collection process described above is most effective for sperm to
be used for insemination. When using sperm for IVF to produce sexed embryos, the
yolk percentage in the TEST-yolk can be reduced to less than 5% so as not to interfere
with fertilization during IVF. A concentration of 2% yolk is sufficient to provide a

Ž .concentrated environment for sorted sperm Rath et al., 1997 to be used for IVF.
The use of seminal plasma as a portion of the collection fluid is also a possibility for

Ž .minimizing the dilution effect. In several experiments, Maxwell et al. 1996 and
Ž .Maxwell and Johnson 1997 showed that 10% heterologous seminal plasma as part of

Ž .the TEST-yolk 2% reduced the percentage of sperm showing the acrosome reaction
after sorting. However, additional results using the seminal plasma protocol in combina-
tion with IVF in the pig showed that fertilization by sorted sperm was inhibited when

Ž .the sperm were collected into a TEST-yolk 2% medium containing 10% seminal
Ž .plasma Maxwell and Johnson, 1997 . Premature capacitation is clearly a characteristic

Žof sex sorted sperm, just as it is with the boar sperm processed for freezing Pursel and
.Johnson, 1975 . Though it tends to be disadvantageous for sperm being used for storage,

it is advantageous for sperm being used soon after sorting for IVF as the sperm are
already capacitated.

Although 100% purity of livestock sperm X or Y populations is nearly impossible to
achieve with flow sorting under normal sorting conditions, one can easily approach 95%

Ž .purity Johnson, 1992; Rath et al., 1999 . In some species where the DNA difference is
Ž .greater, such as the Chinchilla langier Fig. 2; 7.5%; Johnson et al., 1987b 100% purity

in the sort may be possible. Highest purities are attained in flow sorting when the DNA
difference is greater than 3.5%, sperm are efficiently oriented to the laser beam and
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Fig. 2. Illustration of typical histograms from various species showing the respective differences in DNA
Žbetween the X- and Y-chromosome-bearing sperm. Generally the wider the difference, e.g. Chinchilla at

.7.5% the easier it is to sort at higher purity. Compare the human with a 2.8% difference in DNA, which is
Ž .more difficult to sort at higher purity. Adapted from Johnson and Welch, 1999 .

there is uniform staining. Sorting human sperm presents more of a challenge since the
Ž .DNA difference of X- and Y- sperm is about 2.8% Fig. 2 . Routinely the percentages of

Žpurity range from 75% to 90% for sorted human Y and X sperm respectively Johnson
.et al., 1993; Fugger et al., 1998 . Histograms for 12 different mammals are shown in

Fig. 2. The depth of the split between the X and Y peaks on the histograms gives an
Ž .indication of how easy it is to sort highly pure )90% populations. However, other

factors, such as dead sperm, abnormal morphology and the shape of the head may
impact the sorting process. This can be illustrated with the possum and human sperm. At
2.3% the possum can be separated, however if the more angular shaped human sperm
carried only a 2.3% difference, it could not be sorted with any consistency.

5.3. Validation of sorted X- and Y- sperm populations in the laboratory by sort
reanalysis

At some point during a sort or immediately after the completion of a sort to be used
for insemination or IVF, a presiliconized andror BSA presoaked tube is placed in
position to collect the sorted sperm. No TEST-yolk is added to the tube for the sort
reanalysis. Approximately 100,000 sperm are sorted into each tube. After the aliquot has
been sorted, the sperm are sonicated to remove the tails and Hoechst 33342 added to
maintain staining uniformity and then flow cytometrically reanalyzed but not resorted. A
detailed procedure for sort reanalysis that we developed at the outset of the project in

Ž .1982 has been recently published Welch and Johnson, 1999 . The proportion of X- and
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Y-bearing sperm are determined based on the DNA difference and histograms are
Ž . Ž .analyzed Johnson et al., 1987a by computer fitting to double Gaussian peaks Fig. 1c .

The other method of determining the sperm sex ratio is to use fluorescence in situ
Ž .hybridization FISH procedures where the fluorescent signal can be counted to deter-

mine the proportion of Y-chromosome-bearing sperm carrying the Y microsatellite DNA
probe. In a comparison on boar semen, we found no significant difference between the

Ž .accuracy of the testing sort purity by FISH or DNA reanalysis Kawarasaki et al., 1998 .
Ž .The polymerase chain reaction PCR has been found to give useful information about

the proportions of X- and Y- sperm in a sorted sample. It can be used effectively based
Žon sorting single sperm into 48-well plates and carrying out the PCR reaction Welch et

.al., 1997 . Sort reanalysis for DNA has an advantage over FISH and PCR since PCR and
FISH may take from 3 to 4 h. Many investigators carry the procedure into the next day.
Certain cell types are amenable to FISH at even faster periods; however, sperm require

Ž .at least 3–4 h for FISH Fugger et al., 1998 while sort reanalysis can be done within a
Ž .30-min time period Welch and Johnson, 1999 .

6. Fertility results using flow sorted X- and Y-chromosome-bearing sperm

6.1. Sperm sorted by standard-speed modified cell sorter

The first evidence of the efficacy of sorting sperm based on DNA content of the X-
Ž .and Y- sperm was published in 1989 Johnson et al., 1989 . Litters of rabbits were

Ž .produced that showed a significant skewing of the sex ration 81–94% . Intratubal
insemination was tested next and again, litters of pigs were produced after surgical

Ž .insemination of females with skewed sex ratios Johnson, 1991 . Initial work in our
laboratory in the pig utilizing IVF resulted in two litters of pigs being born with all pigs

Ž .born being of the predicted sex Rath et al., 1997 . Cleavage rates after IVF were 56%
Ž .ns367 and resultant two- to four-cell embryos were transferred to asynchronous
Ž .ns4 gilts. All embryos transferred were produced from IVF using X sorted sperm
and all offspring were female. Improvements in IVF systems for the pig are required to
make use of sexed sperm applicable. One factor that needs to be controlled carefully in
using sexed sperm for IVF is that the sperm be used for IVF insemination soon after
sorting. This need is based on the premature capacitation that is induced by the sorting
process. It is important to sort the sperm over a 2- to 5-h period and use them for
coincubation within 1–2 h if possible. It is possible though to use them after a longer

Ž .period Abeydeera et al., 1998 ; however, the percentage of viability may be signifi-
Ž .cantly reduced. The IVF procedures are more advanced for cattle Cran et al., 1993 .

Sperm sorted for IVF in cattle and subsequent transfer was effectively done with good
results. In a field trial conducted in England and Scotland, bull sperm were sorted, used
for IVF and the sexed embryos frozen for transfer on various farms. The offspring born
from this study were 90% male which was what was predicted based on the sort

Ž .reanalysis of the sperm used for IVF Cran et al., 1995 .
The availability of sexed sperm to the swine industry as well as for the cattle industry

is needed in order to realize the great potential from livestock produced on the basis of
sex. At the present time IVF and subsequent embryo transfer provide one means for
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producing sexed litters of pigs. Another means available is using surgical insemination
Žor laparoscopy in the pig for delivering sexed sperm to the site of fertilization Johnson,

.1991 . Conventional AI techniques in the pig require about 3 billion sperm per dose of
semen making it virtually impossible to use it for sexed sperm. Considerable effort is
currently being put forth to develop methods for low dose insemination in the pig.
Recent results using a type of endoscope to navigate the uterine horn and place small
numbers of sperm near the utero-tubal junction show considerable promise for the future

Ž .use of sexed sperm Vazquez et al., 1999 . Additionally several experiments investigat-
ing the appropriate numbers of sperm by which fertilization can be obtained in the pig
have shown encouragement that as few as 10 million sperm placed in the upper part of

Ž .the uterus resulted in litters born Krueger et al., 1999 . Recently we have conducted
preliminary studies in which we used a Melrose catheter into the cervix of sows and
then using a smaller internal catheter that extended into the distal uterus where the
semen was deposited. Pregnancies were obtained with 100 to 400 million sperm per

Ž .estrus in 8 sows Johnson et al., 2000b . This is an area that could benefit greatly from
more research. Indeed, the whole swine AI industry would benefit from greater research
emphasis, since the increasing use of AI will bring about increasing pressure for greater
economy of sperm per insemination dose. Perfection of a low dose method where 5
million or less sperm could be used per AI would likely signal the beginning of
widespread use of sexed sperm for the pig.

Low number insemination in the cow has already proven successful both with sexed
Ž .and unsexed sperm Seidel et al., 1997 . Pregnancies can be obtained using as little as

2=105 per insemination. Average percentage of the correct sex born based was 83% of
the sex desired. This initial study using deep AI has been instrumental in the commer-

Ž .cialization of sexed semen through AI of cattle Seidel, 1999 .

6.2. Offspring born after using sperm sorted for sex on a high-speed sorter modified for
sperm

High-speed cell sorting is a significant technological improvement over standard
speed cell sorters. As indicated above, we have modified the flow cell of the MoFlow

cell sorter to receive an orienting nozzle which provides an increase in oriented sperm
from the previous beveled needle orientation of 25–30% to ;70%. Two studies were
conducted using sexed boar sperm produced by high-speed sortingrorienting nozzle for
IVF in swine. However, in two studies conducted with the high-speed sorter, we used in
vitro matured swine oocytes for fertilization under IVF conditions. An experiment was
conducted at Beltsville and produced offspring in nine litters. Six litters produced from
sows in which sexed embryos had been transferred at the four-cell stage gave 34 total
piglets, of which one was male. The percentage was 97% female sperm Control litters
Ž . Ž .three gave 52% male and 48% female offspring Rath et al., 1999 . Litter size
averaged 7.8 and 5.8, respectively. Another experiment was conducted in collaboration
with the University of Missouri. Sperm were collected and sorted into X and Y
populations at Beltsville and shipped by air to Columbia, MO where they were used at
the University of Missouri in their IVF system to produce sexed embryos. There were
eight litters born from that study. From the X sorted sperm, 23 females and one male

Ž .were born 97% and from the Y sorted sperm nine pigs were born, all were male
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Ž .100%; Abeydeera et al., 1998 . These two studies clearly demonstrate the efficacy of
high-speed sperm sorting in conjunction with a special orienting nozzle to orient a
greater percentage of sperm from each sample.

Extensive field trials using high-speed technology essentially as described here have
Ž . Ž .also been conducted by Seidel et al. 1999 in collaboration with XY, Ft. Collins, CO

over the past couple of years. One thousand heifers have been inseminated with sexed
sperm and 370 were inseminated with control sperm. All inseminations were done after
synchronizing estrus in the heifers. Accuracy of producing a male or female as
determined by the sorted sperm that was inseminated approached 90%. Pregnancy rates
were within 90% of the unsexed controls. Uterine body insemination was as successful
as insemination bilaterally into the uterine horns. The results of these studies with cattle
illustrate the effectiveness of using uterine insemination and conventional AI making the

Fig. 3. The relative skewing of the sex ratio that can be obtained in four common species. The bar graph
illustrates the approximate shift obtainable under standard sorting conditions of standard-speed or high-speed
sperm sorting instrumentation.
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application of sexed sperm in the cattle industry using high-speed sperm sorting
technology. Based on these field results it is anticipated that sexed sperm will be
available for commercial use by 2001. Fig. 3 illustrates the current technology for
several species.

7. Freezing of sorted sperm for use in producing offspring in cattle and swine

The use of frozen semen as an option to fresh semen in conjunction with the sorting
technology adds an important commercial dimension to the process, since frozen semen
is highly important to widespread use of the technology, particularly in the cattle

Ž .industry. Schenk et al. 1999 report the successful freezing of sperm after sorting with
an average post-thaw motility of 30–35%. This is similar to results achieved by Johnson

Ž .et al. 1996 in which an effect of sorting was shown with an average post-thaw motility
Ž .of 35% and percentage of intact acrosomes of 40%. Seidel et al. 1999 have recently

reported the production of calves from the use of sorted and frozen bull sperm. In
several trials with sorted frozen sperm inseminated in the uterine horns, successful
pregnancies were achieved using 1.5=106 frozen–thawed sperm. Pregnancies andror
calvings showed that the sex of offspring was essentially as predicted and approached
90% female or male depending on what sex of sperm was used.

Recently we have successfully frozen sorted boar sperm. The semen was thawed and
used for surgical insemination. Viability assessments demonstrated that about 30% of
the sperm could survive both sorting and freezing based on motility estimates. Very
preliminary results with frozen sorted boar sperm has produced embryos and also piglets

Ž .born Johnson et al., 2000a . These results are promising in that the use of frozen semen
in specialized circumstances for reproducing animals of the desired sex could be of
special significance because of logistics.

8. Is there hope for an alternative sexing method based on immunological factors?

A method to sex sperm on a large scale, at least a scale that could be applied to
semen production practice at an AI Center would certainly be advantageous. The method
most often referred to in this context is that of isolating a protein from the surface of the
X- or Y-bearing sperm that is chromosome specific and thus sex specific. The theory is
that if one is able to isolate such a marker, then an antibody could be developed to attach
to that X- or Y-bearing population of sperm. The assumption is that the use of affinity
chromatography or magnetic bead separation would provide a batch separation process
for separating X- from Y-bearing sperm and be readily adaptable to AI Center use. In
order to determine if such a surface protein exists on boar sperm, a study was conducted
in collaboration with colleagues in the Netherlands. Boar sperm was sorted for X or Y
populations at purities of 90%. The sorted sperm were flown to the Netherlands where
the proteins were isolated and characterized. Approximately 1000 proteins were mapped
on the sperm surface. However, no difference could be detected between the proteins
isolated from X sperm versus Y sperm. These results have led us to conclude that no

Žsex-specific protein exists on the surface of the sperm Hendriksen, 1999; Hendriksen et
.al., 1996 .



( )L.A. JohnsonrAnimal Reproduction Science 60–61 2000 93–107 105

Recently a new noninvasive immunological procedure for sexing sperm has been
Ž .reported Blecher et al., 1999 . The method is based on the hypothesis that sex-specific

proteins are more highly conserved than non-sex-specific proteins. Although the process
shows some promise its efficacy has not been fully tested. Immunological procedures
represent the best hope for seeking to prepare large amounts of sexed sperm in batch
form thus providing an avenue for large-scale production and use.

9. Conclusions

The current state-of-the-art in sexing of mammalian sperm for offspring production is
Žpresented. The method is based on the differential amount of DNA the only known

.difference between the X- and Y- chromosomes being present in the X- and Y-chro-
mosome-bearing sperm which is used as a marker to sort the X and Y populations. The
use of a high-speed sorter modified for sorting sperm and adapted with an orienting
nozzle is capable of producing up to 11 million sperm perrh of X sperm in our
laboratory with 85% to 90% purity. More routine sorting can produce 6 million spermrh

Žwhere both X- and Y- sperm are needed. Additionally, even faster sorting rates 18
. Ž .millionrh can be achieved albeit at a lower purity of X sperm 75% . It is anticipated

that further refinements of current optical technology may increase the purity achieved
at high sorting rates. Refinement of the high-speed sperm-sorting system is likely to lead
to even greater production rates of X- and Y- sperm. High-speed sorting system
pressures do not appear to affect fertilization significantly. The current technology for
sorting sperm by flow cytometric sorting into X and Y populations at 90% purity of X
or Y sperm is adaptable to virtually all mammalian species including human beings.
Sexed sperm on demand should be on the market for livestock within the next 2 years.
Currently, sperm sorting by this basic method is also being conducted in human clinical

w Ž .trials under the trademark MicroSort Fugger, 1999 . At the present time the flow
Ž .cytometric sorting method developed in 1989 Johnson et al., 1989 and modified for

Ž .high-speed sorting Johnson et al., 1999 with an orienting nozzle provides the only fully
validated means of preselecting mammalian offspring for sex.

Acknowledgements

The author is grateful to Glenn Welch and Wim Rens for their expert technical
assistance. The author is also grateful to several investigators for supplying semen from

Ž Ž . Ž .several more exotic species David Cran Camel , Sally Catt Possum , John Pollard
Ž . Ž ..Elk and Dennis Schmidt Elephant referred to in Fig. 2.

References

Abeydeera, L.R., Johnson, L.A., Welch, G.R., Wang, W.H., Boquest, A.C., Cantley, T.C., Rieke, A., Day,
B.N., 1998. Birth of piglets preselected for gender following in vitro fertilization of in vitro matured pig
oocytes by X- and Y-chromosome-bearing spermatozoa sorted by high speed flow cytometry. Theriogenol-
ogy 50, 981–988.

Ž .Amann, R.P., Seidel, G.E. Jr. Eds. , Prospects for Sexing Mammalian Sperm. Colorado University Press,
Boulder.



( )L.A. JohnsonrAnimal Reproduction Science 60–61 2000 93–107106

Blecher, S.R., Howie, R., Li, S., Detmar, J., Blahut, L.M., 1999. A new approach to immunological sexing of
sperm. Theriogenology 52, 1309–1321.

Catt, S.L., Catt, J.W., Gomez, M.C., Maxwell, W.M.C., Evans, G., 1996. Birth of a male lamb derived from
an in vitro matured oocyte fertilised by intracytoplasmic injection of a single presumptive male sperm. Vet.
Rec. 139, 494–495.

Cran, D.G., Johnson, L.A., Miller, N.G., Cochrane, D., Polge, C., 1993. Production of bovine calves following
separation of X- and Y-chromosome-bearing sperm and in vitro fertilisation. Vet. Rec. 132, 40–41.

Cran, D.G., Johnson, L.A., Polge, C., 1995. Sex preselection in cattle: a field trial. Vet. Rec. 136, 495–496.
Cran, D.G., McKelway, W.A.C., King, M.E., Dolman, D.P., McEvoy, T.G., Broadbent, P.J., Robinson, J.J.,

1997. Production of lambs by low dose intrauterine insemination with flow cytometrically sorted and
unsorted semen. Theriogenology 47, 267, abstr.

Fugger, E.F., 1999. Clinical experience with flow cytometric separation of human X- and Y-chromosome
bearing sperm. Theriogenology 52, 1435–1440.

Fugger, E.F., Black, S.H., Keyvanfar, K., Schulman, J.D., 1998. Births of normal daughters after MicroSort
sperm separation and intra-uterine insemination, in vitro fertilization, or intracytoplasmic sperm injection.

Ž .Hum. Reprod. 13 9 , 2367–2370.
Gledhill, B.L., Lake, S., Steinmetz, L.L., Gray, J.W., Crawford, J.R., Dean, P.N., Van Dilla, M.A., 1976. Flow

microfluorometric analysis of sperm DNA content: effect of cell shape on the fluorescence distribution. J.
Cell. Physiol. 87, 367–376.

Ž .Guyer, M.F., 1910. Accessory chromosomes in man. Biol. Bull. Woods Hole, Mass. 19, 219–221.
Hendriksen, P.J.M., 1999. Do X- and Y- spermatozoa differ in proteins? Theriogenology 52, 1295–1307.
Hendriksen, P.J.M., Welch, G.R., Grootegoed, J.A., Van Der Lende, T., Johnson, L.A., 1996. Comparison of

detergent-solubilized membrane and soluble proteins from flow cytometrically sorted X- and Y-chro-
mosome bearing porcine spermatozoa by high resolution 2-D electrophoresis. Mol. Reprod. Dev. 45,
342–350.

Johnson, L.A., 1988. Flow cytometric determination of sperm sex ratio in semen purportedly enriched for X-
or Y-bearing sperm. Theriogenology 29, 265.

Johnson, L.A., 1991. Sex preselection in swine: altered sex ratios in offspring following surgical insemination
of flow sorted X- and Y-bearing sperm. Reprod. Domestic. Anim. 26, 309–314.

Johnson, L.A., 1992. Gender preselection in domestic animals using flow cytometrically sorted sperm. J.
Ž .Anim. Sci. 70 Suppl. 2 , 8–18.

Ž .Johnson, L.A., 1994. Isolation of X- and Y-bearing sperm for sex preselection. In: Charlton, H.H. Ed. ,
Oxford Reviews of Reproductive Biology. Oxford Univ. Press, Oxford, UK, pp. 303–326.

Johnson, L.A., 1995. Sex preselection by flow cytometric separation of X- and Y-chromosome-bearing sperm
based on DNA difference: a review. Reprod. Fertil. Dev. 7, 893–903.

Johnson, L.A., Clarke, R.N., 1988. Flow sorting of X- and Y-chromosome-bearing mammalian sperm:
Activation and pronuclear development of sorted bull, boar and ram sperm microinjected into hamster
oocytes. Gamete Res. 21, 335–343.

Johnson, L.A., Pinkel, D., 1986. Modification of a laser-based flow cytometer for high resolution DNA
analysis of mammalian spermatozoa. Cytometry 7, 268–273.

Ž .Johnson, L.A., Seidel, G.E., Jr. Eds. , 1999. Current Status of Sexing Mammalian Sperm. Theriogenology 52
Ž .8 , 217 pp., Elsevier Science Inc., New York.

Johnson, L.A., Welch, G.R., 1999. Sex preselection: high-speed flow cytometric sorting of X- and Y- sperm
for maximum efficiency. Theriogenology 52, 1323–1341.

Johnson, L.A., Flook, J.P., Look, M.V., 1987a. Flow cytometry of X- and Y-chromosome-bearing sperm for
DNA using an improved preparation method and staining with Hoechst 33342. Gamete Res. 17, 203–212.

Johnson, L.A., Flook, J.P., Look, M.V., Pinkel, D., 1987b. Flow sorting of X- and Y-chromosome-bearing
spermatozoa into two populations. Gamete Res. 16, 1–9.

Johnson, L.A., Flook, J.P., Hawk, H.W., 1989. Sex preselection in rabbits: live births from X- and Y- sperm
separated by DNA and cell sorting. Biol. Reprod. 41, 199–203.

Johnson, L.A., Welch, G.R., Keyvanfar, K., Dorfmann, A., Fugger, E.F., Schulman, J.D., 1993. Gender
preselection in humans? Flow cytometric separation of X- and Y- spermatozoa for the prevention of

Ž .X-linked diseases. Human Reprod. 8 10 , 1733–1739.
Johnson, L.A., Cran, D.G., Welch, G.R., Polge, C., 1996. Gender preselection in mammals. In: Miller, R.H.,



( )L.A. JohnsonrAnimal Reproduction Science 60–61 2000 93–107 107

Ž .Pursel, V.G., Norman, H.D. Eds. , Beltsville Symposium XX: Biotechnology’s Role in the Genetic
Improvement of Farm Animals. American Society of Animal Science, Savoy, IL, pp. 151–164.

Johnson, L.A., Welch, G.R., Rens, W., 1999. The Beltsville sperm sexing technology: high-speed sorting gives
Ž .improved sperm output for IVF and AI. J. Anim. Sci. 77 Suppl. 2 , 213–220.

Johnson, L.A., Guthrie, H.D., Fiser, P., Maxwell, W.M.C., Welch, G.R., Garrett, W.M., 2000a. Cryopreserva-
tion of flow cytometrically sorted boar sperm: effects on in vivo embryo development. J. Anim. Sci. 78
Ž .Suppl. 1 , Abstr., in press.

Johnson, L.A., Guthrie, H.D., Dobrinsky, J.R., Welch, G.R., 2000b. Low dose artificial insemination of swine
with sperm sorted for sex using an intrauterine technique in sows. Animal Reproduction Science.
Proceedings of the ICAR, July 2000. Abstr., in press.

Kawarasaki, T., Welch, G.R., Long, C.R., Yoshida, M., Johnson, L.A., 1998. Verification of flow cytometri-
cally sorted X- and Y-bearing porcine spermatozoa and reanalysis of spermatozoa for DNA content using

Ž .the fluorescence in situ hybridization FISH technique. Theriogenology 50, 625–635.
Ž .Sex Ratio at Birth — Prospects for Control. Kiddy, C.A., Hafs, H.D. Eds. , J. Anim. Sci. Symp-Suppl. Am.

Soc. Anim. Sci., Champaign, IL.
Krueger, C., Rath, D., Johnson, L.A., 1999. Low dose insemination in synchronized gilts. Theriogenology 52,

1363–1373.
Maxwell, W.M.C., Johnson, L.A., 1997. Chlortetracycline analysis of boar spermatozoa after incubation, flow

cytometric sorting, cooling, or cryopreservation. Mol. Reprod. Dev. 46, 408–418.
Maxwell, W.M.C., Welch, G.R., Johnson, L.A., 1996. Viability and membrane integrity of spermatozoa after

dilution and flow cytometric sorting in the presence or absence of seminal plasma. Reprod. Fertil. Dev. 8,
1165–1168.

Moruzzi, J.F., 1979. Selecting a mamalian species for the separation of X- and Y-chromosome-bearing
spermatozoa. J. Reprod. Fertil. 57, 319–323.

Pinkel, D., Gledhill, B.L., Van Dilla, M.A., Stephenson, D., Watchmaker, G., 1982. High resolution DNA
measurements of mammalian sperm. Cytometry 3, 1–9.

Pursel, V.G., Johnson, L.A., 1975. Freezing of boar spermatozoa: fertilizing capacity with concentrated semen
Ž .and a new thawing procedure. J. Anim. Sci. 40 1 , 99–102.

Rath, D., Johnson, L.A., Dobrinsky, J.R., Welch, G.R., 1997. Production of piglets preselected for sex
following in vitro fertilization with X- and Y-chromosome-bearing spermatozoa sorted by flow cytometry.
Theriogenology 47, 795–800.

Rath, D., Long, C.R., Dobrinsky, J.R., Welch, G.R., Schreier, L.L., Johnson, L.A., 1999. In vitro production
of sexed embryos for gender preselection: high speed sorting of X-chromosome-bearing sperm to produce
piglets after embryo transfer. J. Anim. Sci. 77, 3346–3352.

Ren, W., Welch, G.R., Johnson, L.A., 1998. A novel nozzle for more efficient sperm orientation to improve
sorting efficiency of X- and Y-chromosome-bearing sperm. Cytometry 33, 476–481.

Schenk, J.L., Suh, T.K., Seidel, G.E. Jr., 1999. Cryopreservation of bovine spermatozoa sexed by flow
cytometryrcell sorting. Theriogenology 52, 1375–1391.

Seidel, G.E. Jr., 1999. Commercializing reproductive biotechnology — the approach used by XY. Theri-
ogenology 51, 5, Abstr.

Seidel, G.E. Jr., Allen, C.H., Johnson, L.A., Holland, M.D., Brink, Z., Welch, G.R., Graham, J.K., Cattell,
M.B., 1997. Uterine horn insemination of heifers with very low numbers of nonfrozen sperm and sexed
spermatozoa. Theriogenology 48, 1255–1265.

Seidel, G.E. Jr., Schenk, J.L., Herickoff, L.A., Doyle, S.P., Brink, Z., Green, R.D., Cran, D.G., 1999.
Insemination of heifers with sexed sperm. Theriogenology 52, 1407–1420.

Vazquez, J.L., Martinez, E.A., Vazquez, J.M., Lucas, X., Gil, M.A., Parrilla, I., Roca, J., 1999. Development
of a non-surgical deep intra uterine insemination technique. Proceedings IV Inter. Conf. On Boar Semen
Preservation August 8–11, 1999. Beltsville, MD P35. Abstr.

Welch, G.R., Johnson, L.A., 1999. Sex preselection: laboratory validation of the sperm sex ratio of flow sorted
X- and Y-sperm by sort reanalysis for DNA. Theriogenology 52, 1343–1352.

Welch, G.R., Waldbieser, G.C., Wall, R.J., Johnson, L.A., 1997. Flow cytometric sperm sorting and PCR to
confirm separation of X- and Y-chromosome-bearing bovine sperm. Anim. Biotechnol. 6, 131–139.


